550,000 years of marine climate variability in the western Mediterranean Sea revealed by cold-water corals by Krengel, Thomas
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550.000 years of marine climate variability in the western Mediterranean Sea 
revealed by cold-water corals 
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550.000 Jahre mariner Klimavariabilität im westlichen Mittelmeer aus der 
Perspektive von Kaltwasserkorallen 
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Fig. 2.1: Map of the Mediterranean Sea: a) Surface water flow path. b) Intermediate water mass formation 
sites and flow paths. c) Deep and dense water mass formation and flow path (Water mass formation and 
flow paths modified after: Millot and Taupier-Letage 2005, Hernández-Molina et al. 2006, Hernández-
Molina et al. 2014). Red star: Location of the East Melilla Coral Province (EMCP). Important abbreviations: 
Western Mediterranean Sea (WMS); Alboran Sea (AS); Strait of Gibraltar (SoG); Almeria-Oran-Front 
(AOF). 
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Fig. 2.2: Drawings of the scleractinian CWC species L. pertusa (D. pertusum) (a, b) and M. oculata (c, d). 
(a, c): formed coral framework. (b, d) Detailed close up of individual corallites. Scale bars: 10 mm (a-c), 
4 mm (d). Modified after Roberts (2009). 
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Fig. 2.3: Unfavourable coral growth conditions may lead to (i) isolated patches buried by off mound 
sedimentation or (ii) partially eroded. Restored favourable conditions may lead to (iii) a resettlement of 
coral larvae on previous grow periods.  
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Fig. 2.4: U-series decay chain with half-lives for 234U and 230Th. In this figure revised half-lives from Cheng 
et al. (2013) are used. However, U-series ages in this study were done with half-lives from Cheng et al. 
(2000). 
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Fig. 2.5: Li/Mg temperature calibration curve (Montagna et al. 2014). 
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Fig. 2.6: Revised Li/Mg temperature calibration curve (Cuny-Guirriec et al. 2019). Calibration curve is 
comprised of warm water and cold-water corals. 
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Fig. 2.7: (a) Overview map, including the location of EMCP in the Alboran Sea. (b) Multi-beam bathymetric 
map of the EMCP with a 25 m grid resolution. Box (c) and (d) show a close up of the core locations 
(GeoB18118-1, GeoB18118-2 and GeoB18116-2) and the mound topography. White stars indicate the 
locations of CTD stations (GeoB18122-1 and GeoB18110-1) used in Chapter 4. Parasound profile (Fig. 2.8) 
is indicated by black dashed line. (c) Topography of Brittlestar I (BR I) and on mound core locations 
GeoB18118-1 and GeoB18118-2. (d) Topography of Dragon Mound (DM) and on mound core location 
GeoB18116-2. Map is modified after (Hebbeln 2019). 
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Fig. 2.8: Parasound Profile, shown by dashed line in the multi-beam map (Fig. 2.7). Multi beam map shows 
elongated and partly buried mounds. Parasound reveals “christmas tree” like structures of the mound and 
a complex pattern of erosion and sedimentation in off-mound sediments. The given depth is based on a 
uniform sound velocity of 1500 m/s Modified after Hebbeln et al. (2015). 
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Fig. 2.9: Variety of introduced sampling gear. (a) ROV used during M151. (b) live corals in the Alboran Sea 
(Hebbeln et al. 2009). (c) Grab sampler used during M151. (d) Gravity Core (M151). (e) Opened coral 
bearing gravity cores (MS36). (f) MeBo, recovered after deployment. (g) MeBo coring rods unopened 
(MS36). (h) Opened coral bearing MeBo cores (MS36). Pictures were taken during different research cruises 
(MS38 and M151). Copyright belongs to Volker Diekamp, Thorsten Klein, ROV Cherokee, MARUM. 
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Fig. 2.10: Scheme of MeBo core handling. One core barrel is split in two parts of maximum 1.2 m. The 
CoreCatcher (CC) is stored in an individual barrel. All core segments are labelled horizontally with Work 
(W) and Archive (A) halves. Modified after the standard scheme for MeBo cores of the MARUM, used in 
Hebbeln et al. (2015). 
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Fig. 3.1: Map of the Alboran Sea and the core locations (a) General overview of the Alboran Sea with water 
mass flow paths including surface to deep water. Green shaded areas show upwelling with high 
productivity. (b) Topography of Brittlestar I (BR I) and on mound core locations GeoB18118-1 and 
GeoB18118-2. (c) Topography of Dragon Mound (DM) and on mound core location GeoB18116-2. Map is 
modified after (Hebbeln 2019).  
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Table 3.1: Metadata of sampling stations (GC – Gravity Corer; MeBo – Bremen drill rig) visited during 
MSM36 in the Alboran Sea (EMCP – East Melilla Coral Province). 
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Fig. 3.2: Simplified example of Mound Aggregation Rate (MAR). The deepest and shallowest depth, as well 
as the oldest and youngest age of continuous coral growth, are subtracted and divided as shown in the 
calculation. The result shows the vertical MAR in [cm/ka]. 
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Fig. 3.3a: δ234U seawater evolution curve for GeoB18116-2 over time. Black curve shows the standard 
(Atlantic) evolution from the present-day value of 146.8‰ back in time. Samples within the grey lines 
(±10‰ of the black line) are considered to show closed system behaviour. Note that values on the x-axis 
start at 0.6. Dark blue rhombus are pristine coral samples revealing closed system behaviour, transparent 
blue rhombus show open system behaviour and are discarded in further discussions. The red curve shows 
a modified Mediterranean evolution curve with an assumed modern-day value of ~148.3‰ (Chapter 6). 
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Fig. 3.3b: 232Th values of CWC samples from core GeoB18116-2. For Samples older than 100 ka, an upper 
limit of 10 ng/g 232Th as part of the quality control was proposed (see text). 
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Fig. 3.4: GeoB18116-2 on Dragon Mound (dark blue rhombus). Red framed rhombus show coral ages from 
individual barrels as explained in Chapter 3.5.1. Samples, originating from one barrel of 2.5 m, e.g. 
segment S16, lack stratigraphic order with depth. Cluster 1, 2 and 3 show consecutive coral growth periods 
with calculated MAR [cm/ka]. Dashed vertical bars indicate individual core barrels. Values on the right 
side show the recovery of each core barrel (e.g. S13: 106.4%, S16: 100.5%, S23: 112%). 
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Fig. 3.5a: δ234U seawater evolution curve for GeoB18118-1 (open light blue triangles) and GeoB18118-2 
(light blue triangles) over time. Black curve shows the standard (Atlantic) evolution from the present-day 
value of 146.8‰ back in time. Samples within the grey lines (±10‰ of the black line) are considered to 
show closed system behaviour. Light blue triangles and open triangles are pristine coral samples revealing 
closed system behaviour, transparent light blue triangles show open system behaviour and are discarded 
in further discussions. The red curve shows a modified Mediterranean evolution curve with an assumed 
modern-day value of ~148.3‰ (Chapter 6). 
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Fig. 3.5b: 232Th values of CWC samples from core GeoB18118-1 (open light blue triangles) and GeoB18118-
2 (light blue triangles). Upper thresholds of 232Th concentrations were defined (see text): 1 ng/g (≤10 ka), 
2.5 ng/g (≤100 ka) and 10 ng/g (≥100 ka). Solid lines mark limits for the particular time slices. 
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Fig. 3.6a: GeoB18118-1 (open light blue triangles) and GeoB18118-2 (light blue triangles) on Brittlestar I. 
Cluster 1, 2 and 3 show consecutive coral growth periods with calculated MAR [cm/ka]. The apparent 
temporal and spatial offset between GeoB18118-1 and GeoB18118-2 emerge due to two separate core 
drillings. 
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Fig. 3.6b: GeoB18118-1 (open light blue triangles) and GeoB18118-2 (light blue triangles) on Brittlestar I. 
Black framed triangles show coral ages from individual barrels as explained in Chapter 3.5.1. Samples, 
originating from one barrel of 2.5 m, e.g. segment S16, lack stratigraphic order with depth. Cluster 1, 2 
and 3 show consecutive coral growth periods with calculated MAR [cm/ka]. Dashed vertical bars indicate 
individual core barrels. Values on the right side show the recovery of each core barrel (e.g. S13: 99.2%, S16: 
108.5%, S29: 106%). 
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3.5.1.1 Mound Evolution Model: Dragon Mound 
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Fig. 3.7: Mound evolution scenario proposed for DM. (a) Initial mound built up with active coral growth. 
(b) Collapsed mound flank created mixed-age layers. (c) Active coral growth and further erosion create 
erosional layers with mixed-ages. (d) Active coral growth is diminished by enhanced sedimentation. The 
core, drilled at the indicated position, would reveal mixed-age samples in the lower part (Cluster 1 and 2) 
and stratigraphically ordered samples in the upper part (Cluster 3). 
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3.5.1.2 Mound Evolution Model: Brittlestar Ridge I 
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Fig. 3.8: Mound evolution scenario proposed for BR I. (a) Initial mound built up with active coral growth 
and minor erosion from higher topography. (b) Active growth on top of the former mixed-age layer with 
further minor erosion from higher topography. (c) Active coral growth after a long period of potentially 
unfavourable growth conditions (Hiatus). (d) Present-day patchy coral growth. The core, drilled at the 
indicated position, would reveal minor mixed-age samples in the lower part (Cluster 1, 2 and the lower 
Cluster 3) and stratigraphically ordered samples (the upper part of Cluster 3 and Cluster 4). ?
?
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Fig. 3.9: Combined U-series record of the presented locations Dragon Mound and Brittlestar I through time. 
CWC samples are ordered by youngest to oldest ages. Nile River discharge (violet; Revel et al. 2010) and 
clay mineral assemblages (purple; Ehrmann et al. 2016) indicate humid conditions with enhanced 
freshwater input into the Mediterranean Sea. Two Relative Sea Level records (RSL, green; Rohling et al. 
2014) indicate sea level variability over the last 150 ka. Black bars indicate sapropel layers (Ziegler et al. 
2010, Konijnendijk et al. 2014, Rohling et al. 2015).   
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Fig. 3.10: Combined U-series record of the presented locations Dragon Mound and Brittlestar I through 
time. CWC samples are ordered by youngest to oldest ages. LR04 stack (black; Lisiecki and Raymo 2005) 
and the Relative Sea Level (RSL, green; Rohling et al. 2014) show global and Mediterranean sea level 
variability. RSL indicates Mediterranean freshwater input. Black bars indicate sapropel layers (Ziegler et 
al. 2010, Konijnendijk et al. 2014, Rohling et al. 2015). Red arrows indicate brief Mediterranean sea level 
rise during glacial periods co-occurring with coral occurrence. Marine Isotope Stages (MIS) are shown in 
transparent red shades. 
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Fig. 3.11: Proposed MeBo drillings to verify the proposed mound evolution scenario. Full stars indicate core 
location introduced in this study. Open stars mark proposed new drillings. 
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Table 4.1: Metadata of sampling stations (GC – Gravity Corer; MeBo – Bremen drill rig) visited during 
MSM36 in the Alboran Sea (EMCP – East Melilla Coral Province; WMCP – West Melilla Coral Province). 
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Fig. 4.1: (a) Overview map, including the location of EMCP in the Alboran Sea. (b) Multi-beam bathymetric 
map of the EMCP with a 25 m grid resolution. Box (c) and (d) show a close up of the core locations 
(GeoB18118-1, GeoB18118-2 and GeoB18116-2) and the mound topography. White stars indicate the 
locations of CTD stations (GeoB18122-1 and GeoB18110-1). (c) The topography of Brittlestar I (BR I) and 
on mound core locations GeoB18118-1 and GeoB18118-2. (d) The topography of Dragon Mound (DM) and 
on mound core location GeoB18116-2. Map is modified after (Hebbeln 2019). 
??????????????????????????????????????????????????????????????????????????????????????????????????????
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Fig. 4.2: Reconstructed Li/Mg temperature for the past 550 ka. The younger segment from 18 to 0 ka 
contains the cores GeoB18118-1 (BR I; open light blue triangles), GeoB18118-2 (BR I; light blue triangles) 
and the cores GeoB18127-1 and GeoB18130-1 (open black stars) from the WMCP (Wang et al. 2019). The 
Li/Mg temperature trend is indicated in red. The second section from 570 to 80 ka contains the cores 
GeoB18118-2 (BR I; light blue triangles) and GeoB18116-2 (DM; dark blue rhombus). The general 
temperature trend (3-point running mean) is indicated in red. Red arrows indicate modern day water 
temperature at core location. 
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Fig. 4.3: Temperature and salinity depth profiles at the core sites GeoB18110-1 (a) and GeoB18122-1 (b). 
CTD station locations are shown in Fig. 4.1. Salinity (black) and Temperature (red) are shown vs depth. 
CTD data was taken in January 2014 during MSM36 (Hebbeln et al. 2015). 
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Fig. 4.4: Ocean Data View transect (Schlitzer 2018) using the WOA13 data set and spanning from the Gulf 
of Cádiz to the eastern end of the Alboran Sea (a). The deep section (b) reveals that temperatures below 
12.5 °C are only found to the west of the SoG. The shallower section (c) shows the temperature gradient 
between surface water, exceeding 17 °C and LIW (~13 °C). Core locations are indicated by previously used 
symbols.  
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Fig. 4.5: Near Bottom Water Temperature (nBWT) derived from Li/Mg ratios from GeoB18118-1 (light blue 
open triangles), GeoB18118-2 (light blue triangles) and core locations in the WMCP (black open stars; 
Wang et al. 2019). Red line shows the combined 3-point running mean of Li/Mg derived temperatures 
during the Holocene. SST records derived Mg/Ca values on foraminifera (orange; Català et al. 2019) and 
alkenone values (purple; Martrat et al. 2014) are shown in the upper section. Note that the transparent 
purple record (MD95-2043) is located closer to the EMCP. The purple record (ODP-976) however, was 
conducted in a higher resolution but is closer to the WMCP. Relative Sea Levels are given at the top (green; 
Rohling et al. 2014). Bottom black boxes show the number of dated corals per 1 ka.?
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Fig. 4.6: Near Bottom Water Temperature (nBWT) derived from Li/Mg ratios between 100 and 250 ka. 
GeoB18118-2 (light blue triangles) and GeoB18116-2 (dark blue rhombus) are displayed. Red line shows 
the combined 3-point running mean record during this period. The dark red record shows an SST record 
derived from alkenones (Martrat et al. 2004). Green record shows Relative Sea Level (RSL; Rohling et al. 
2014). Bottom black boxes show the number of dated corals per 5 ka. 
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Fig. 4.7: Near Bottom Water Temperature (nBWT) derived from Li/Mg ratios between 250 and 400 ka. 
GeoB18118-2 (light blue triangles) and GeoB18116-2 (dark blue rhombus) are displayed. Red line shows 
the combined 3-point running mean record during this period. Gulf of Cádiz SST reconstruction derived 
from alkenones (grey record; Martrat et al. 2007). Green record shows Relative Sea Level (RSL; Rohling et 
al. 2014). Bottom black boxes show the number of dated corals per 5 ka. 
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Fig. 4.8: Near Bottom Water Temperature (nBWT) derived from Li/Mg ratios between 70 and 560 ka. 
GeoB18118-2 (light blue triangles) and GeoB18116-2 (dark blue rhombus) are displayed. Red line shows 
the combined 3-point running mean record during this period. The dark red record shows an alkenone 
derived SST record (Martrat et al. 2004). Gulf of Cádiz SST reconstruction derived from alkenones (grey 
record; Martrat et al. 2007). Patterns of both long-term SST records generally match, thus the GoC SST can 
be substituted for the AS SST record exceeding 250 ka. Green record shows Relative Sea Level (RSL; Rohling 
et al. 2014). 
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“(1) The Gibraltar-seesaw pattern describing the LGM-Holocene development of CWC along the 
Moroccan margins on both sites of the Strait of Gibraltar is a long-lasting productivity-driven 
feature spanning at least the last glacial-interglacial cycle. 
(2) The long-term development of the Moroccan CWC mounds is characterized by a major change 
in growth patterns as proposed by several mound development models. 
(3) The initiation of the Moroccan coral mounds on both sides of the Strait of Gibraltar is triggered 
by major large-scale paleo-environmental change(s).” 
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Fig. 5.1: Compiled U-series records from the Alboran Sea and the GoC over 550 ka. Blue triangles mark AS 
CWC, whereas grey triangles represent the GoC CWC record. The dark red record shows an alkenone 
derived AS SST record (Martrat et al. 2004). GoC SST reconstruction (grey record) is derived from alkenones 
as well (Martrat et al. 2007). Patterns of both long-term SST records generally match over time, thus the 
GoC SST is used as substitute for the AS SST record exceeding 250 ka. The green record shows Relative Sea 
Level (RSL; Rohling et al. 2014). Sapropel layers are shown at the bottom (Ziegler et al. 2010, Konijnendijk 
et al. 2014, Rohling et al. 2015). Blue vertical bars show cold stadial conditions at the Iberian Margin, 
coinciding with Greenland Stadials (GS) and Heinrich Events (H) (Desprat et al. 2007). Red vertical bars 
indicate interglacial Marine Isotope Stages (MIS). 
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Fig. 5.2: Sketch of the postulated atmospheric and oceanographic parameters during glacial periods. Major 
ice sheets reside as south as circa 50°N (indicated by white area). Southerly Polar Front position induces 
polar air outbreaks into the western Mediterranean Sea (blue arrows). Enhanced cyclonic systems and an 
arid and cold climate (yellow dunes) causing enhanced aeolian Sahara dust input into the Mediterranean 
Sea and most likely into the GoC. A more northern position of the Azores Front provides enhanced 
productivity in the GoC, marked by small particles. Flourishing CWC growth in the Gulf of Cádiz is 
indicated by the coral symbol. 
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Fig. 5.3: Sketch of the postulated atmospheric and oceanographic parameters during interglacial periods. 
Ice sheets (indicated by white areas) and the Polar Front reside at circa 60 °N or at higher latitudes. 
Predominant warm and wet climate in the Mediterranean Region is indicated by vegetation and clouds. 
Enhanced freshwater input, transporting sediment and biogenic material is indicated by rivers, areas with 
high productivity are indicated by small particles. Flourishing CWC growth during interglacial periods in 
the Eastern North Atlantic and the Mediterranean Sea are indicated by coral symbols.?
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Fig. 5.4: CWC growth of the past 50 ka in the GoC (grey triangles) and the AS (blue triangles). Seemingly, 
H1 with a PF position at SoG latitudes restrict productivity during glacial periods in the GoC and thus 
coral growth. Mediterranean sea level is shown in green (RSL; Rohling et al. 2014). Blue vertical bars show 
Heinrich Events (H).??
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Fig. 6.1: All ẟ234U values originating from Brittestar Ridge I and Dragon Mound in the EMCP, 
Mediterranean Sea. The black dotted line represents the modern seawater ẟ234U, whereas the red dotted 
line represents the modified Mediterranean Sea seawater ẟ234U as explained in Chapter 6.5.1. The global 
ẟ18O stack LR04 (Lisiecki and Raymo 2005) indicates global climate variations over time. 
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Fig. 6.2: All available ẟ234U values (transparent, half-filled squares) for the Mediterranean Sea (green) and 
the Atlantic (black). Both records are binned separately in 1 ka (0-30 ka), 2 ka (30-125 ka) and shown in 
green (Mediterranean Sea) and black (Atlantic). The combined record (blue) is binned in 5 ka from 125 to 
400 ka. Light red shades indicate interglacial periods.  
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Fig. 6.3: The Mediterranean ẟ234U record (MUR, dark green) revealed a distinct offset of ~2‰ compared to 
the Atlantic ẟ234U record (AUR, black). Ti/Ca in sediment cores indicates variability in the terrigenous 
influence of subglacial meltwater activity (light green). Pa/Th values represent the strength of the AMOC. 
Bottom columns show the number of CWC used to comprise the Mediterranean Sea record (dark green) 
and the Atlantic record (black). 
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Fig. 6.4: Top: Global ẟ18O stack LR04 (Lisiecki and Raymo 2005). The combined 5 ka binned Mediterranean 
and Atlantic record (blue) over 400 ka reveals generally higher ẟ234U than observed in modern seawater 
ẟ234U (blue dashed line). Times of increased terrigenous input during glacial periods is shown by Ti/Ca of 
the “Fleuve Manche” from the Bay of Biscay. Bottom: Number of used CWC (5 ka bins). 
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